Aerobic methanotrophs associated with Indian rice plants have rarely been cultivated. In the present study, we cultured aerobic methanotrophic bacteria from the rhizosphere regions of rice plants. Rhizospheric soils from seven rice landraces traditionally grown and maintained by tribal people in Jawhar region belonging to part of the Western Ghats in India, were used. Seven methanotrophic cultures were isolated from the last positive dilution (10 − 4 ). Methanotrophs were identified by analyzing the partial methane monooxygenase gene, pmoA gene and three of these belonged to the genus Methylocaldum (gammaproteobacterial, Type I methanotrophs) and four belonged to the genus Methylocystis (alphaproteobacterial, Type II methanotrophs). We present here the first report on the cultivation of methanotrophs from Indian traditional rice landraces originating from a biodiversity hotspot.
released into the environment (Shrestha et al. 2010 ). Very few studies have focused on the cultivation of methanotrophs from rice fields, and most of the work done in this area is using culture-independent approaches (Qiu et al. 2008; Reim et al. 2012; Shrestha et al. 2008 Shrestha et al. , 2010 . Study of the properties of the indigenous methanotrophs would be important as they might have biotechnological and environmental applications. Additionally, they may also serve as models to study methanotrophy associated with rice agriculture. In our previous work, we investigated methanotrophic communities present in rice rhizospheres from two rice fields in Western India (Pandit et al. 2016) . Both of these studies indicated the presence of Type I and Type II methanotrophs, and in one of the studies few putative novel species and a genus, were isolated (Pandit et al. 2016 ).
According to a recent report, rhizosphere bacterial communities associated with wild rice varieties differ in complexity (species richness) and composition compared with cultivated rice rhizospheres (Shenton et al. 2016) . Differences were observed explicitly in methanotrophic communities associated with the wild rice (Shenton et al. 2016) . Since the landraces in the present study have been grown and developed for a particular geographical location and have been maintained for many generations, the microbial Monali C. Rahalkar and Rahul A. Bahulikar contributed equally to this work.
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The online version of this article (https ://doi.org/10.1007/s1320 5-018-1306-z) contains supplementary material, which is available to authorized users. community associated with the roots might be stable. Each landrace was unique with respect to the grain character, plant morphology, etc. (Supplementary Fig. 1 ). The rice plants were maintained under natural conditions with no fertilizer or pesticide inputs by tribal people in Jawhar region, Palghar district, Maharashtra. Jawhar region belongs to the Western Ghats, which is one of the world biodiversity hotspots in India. In our study, we focused on the culturable aerobic methanotrophs which were associated with the rhizospheres of seven rice landraces. The seven rice landraces used in this study were: Dhaval Bhat, Najar Bhat, Kamal Bhat, Surati Kolam, Juna Kolam, Bangalya and Sukalya (Table 1 ). These landraces can be differentiated by their grain size, grain color, and other morphological characters and have traditional names (Supplementary Fig. 1, Supplementary Table 1 ). Rice roots with the soil attached to it were uprooted, stored in sterile plastic bags and immediately transported on the same day to the laboratory. In the laboratory, soil was shaken off from the roots by beating on a hard surface for 8-10 times followed by brief washing to remove the extra attached soil. The soil tightly attached to the roots was scraped and collected in sterile Petri plates. This soil was used for the isolation and cultivation of methanotrophic bacteria. A modified nitrate mineral salt (NMS) medium, dilute NMS medium, containing onefourth concentration of KNO 3 compared to the original NMS medium (Whittenbury et al. 1970 ) was used for the enrichment of methanotrophs as described before (Pandit et al. 2016) . The samples were serially diluted in microtitre plates up to 10 − 8 dilutions in duplicates. These plates were incubated in glass desiccators at 28 °C and the gas atmosphere was maintained as: ~20% methane, ~ 25% air and ~ 55% nitrogen. Bacterial growth was monitored every 2 weeks for turbidity or pellicle formation and the cells were observed under a phase contrast microscope. Once turbidity was observed, a subsample was streaked from the last positive dilution on 2% agarose containing (MP Biomedicals, India) dilute NMS medium Petri plates (Pandit et al. 2016) . The purification of methanotrophs was carried out as described before (Pandit et al. 2016) . DNA extraction from colonies was done using GenElute TM Bacterial Genomic DNA kit (Sigma). The partial methane monooxygenase gene, pmoA gene was amplified from the DNA samples using the universal pmoA primer pair A189f-mb661r (Costello et al. 2002) . All amplifications were carried out in 25 µl total volume in ABI thermal cycler (Veriti) using Promega PCR premix. Purified PCR products were sent to First Base Laboratory for sequencing, using both the primers. All forward and reverse sequences were assembled using the Lasergene software. A NCBI BLAST search was performed using GenBank (http:// www.ncbi.nlm.nih.gov/) (Altschul et al. 1990 ). Partial pmoA sequences of methanotrophic type strains that showed the closest match to query sequences were included in the phylogenetic analysis. Online alignments were done using the MAFFT aligner (http://mafft .cbrc.jp/), and the phylogenetic tree was constructed using the maximum likelihood algorithms as implemented in MEGA 6.0 with 1000 bootstraps (Tamura et al. 2013 ). The partial pmoA sequences from this study have been submitted to Genbank under the accession numbers: MF614616-MF614622.
After approximately 8 weeks, all the samples showed growth in the form of pellicle or turbidity from 10 − 1 to 10 − 4 . The last positive enrichments, i.e., growth from 10 − 4 dilution were streaked on dilute NMS agarose medium (Pandit et al. 2016 ). Approximately, 2-6 weeks were required for obtaining visible colonies. After two to three rounds of repeated streaking, seven methanotrophic cultures were obtained. Colonies of the methanotrophs 64 and 79 isolated from the landraces 'Najar Bhat' and 'Bangalya' were pink in color and the cells were slightly spiral (Table 1) . Morphologically, the methanotrophs represented diverse forms of cells ranging from spiral rods to large globular to coccoidal forms ( Supplementary Fig. 2 ). Strains 10, 117 and 321 showed the presence of large globular cells in packets. Four strains showed the presence of single cells which were either spiral rods (79 and 64) or coccoidal (41 and 47) ( Supplementary  Fig. 2 ). All the cultures grew in liquid and on solid medium with methane supplied in the gas phase. Sequences of pmoA gene were of good quality reflecting that each culture had a single methanotroph. When NCBI BLAST was performed, all of these seven methanotrophs were found to belong to Methylocystis (4 strains) or Methylocaldum genus (3 strains) ( Table 1 ). The percent homology of the pmoA sequence with the sequences from valid methanotrophic species was 94-98%. In the pmoA phylogenetic tree (Fig. 1) , methanotrophs isolated from the Kolam rice variety ('Surati' and 'Juna') grouped with Methylocystis spp. The aerobic methanotrophs cultivated from 'Bangalya' and 'Najar Bhat' were pink in color and these grouped with Methylocystis rosea, a pink-pigmented species of Methylocystis. The three methanotrophs obtained from 'Kamal Bhat', 'Sukalya' and 'Dhaval Bhat' belonged to Methylocaldum species and grouped with Methylocaldum tepidum or Methylocaldum gracile. Thus, to summarize, seven methanotrophic cultures belonging to the genera Methylocystis and Methylocaldum were obtained as a result of this investigation. Methylocaldum and Methylocystis are two of the most important methanotrophic genera reported from Indian rice rhizospheres (Pandit et al. 2016; Vishwakarma and Dubey 2010) as well as from other rice fields in the world (Shrestha et al. 2008; Dianou et al. 2012; Bodelier et al. 2000) . In Jawhar, summer temperatures can rise to 43 °C and the soil temperatures are predicted to be even higher. Therefore, methanotrophs thriving under such conditions should be resistant to heat and dry climate prevalent during summer. Methylocaldum is a thermotolerant genus, and Methylocystis species produce desiccation resistant cysts (Garrity et al. 2005; Whittenbury et al. 1970a, b) . Apart from the monsoonal rains, Jawhar is mostly dry throughout the year, and therefore, species such as Methylocaldum and Methylocystis which can survive under dry and hot conditions may prevail. Methylocystis species have been reported to resist protozoan grazing due to the cell walls that are harsher to break (Murase et al. 2011) . In our recent studies, when we used metagenomics approach for investigating methanotrophic communities from rice roots of a urea-fertilized field in India, Methylocystis and Methylococcus-Methylocaldum were two important members of the community (Pandit et al. 2016 ). In a rice field which was organically fertilized using compost, (Pandit et al. 2016a, b) we found the dominance of Type I methanotrophs of a novel taxon in addition to the presence of sequences from Methylocaldum and Methylocystis. Type II methanotrophs and Methylococcus-Methylocaldum group have also been particularly observed in rice fields with alternate dry and wet cycles (Leng et al. 2015; Ma et al. 2013) .
Since India occupies the largest rice cultivation area in the world and rice fields are supposed to be a significant source of anthropogenic methane emissions (Dubey 2005) , studies on indigenous methanotrophs are much needed for exploring answers to reduce global warming. The cultures obtained in the present study would be further explored as novel bio-inoculants for inoculation in rice fields which can mitigate more methane. Further, these also could be explored for other biotechnological applications such as single cell protein, carotenoid or biodiesel production (Pandey et al. 2013; Strong et al. 2015) . This work will also provide a basis for the future work aimed towards methane mitigation from flooded rice fields.
